A new approach to single-molecule DNA sequencing in which dNTPs, released by pyrophosphorolysis from the strand to be sequenced, are captured in microdroplets and read directly could have substantial advantages over current sequence-by-synthesis methods; however, there is no existing method sensitive enough to detect a single nucleotide in a microdroplet. We have developed a method for dNTP detection based on an enzymatic two-stage reaction which produces a robust fluorescent signal that is easy to detect and process. By taking advantage of the inherent specificity of DNA polymerases and ligases, coupled with volume restriction in microdroplets, this method allows us to simultaneously detect the presence of and distinguish between, the four natural dNTPs at the single-molecule level, with negligible cross-talk.
INTRODUCTION
It is well documented (1, 2) that, under the correct conditions, the DNA polymerization reaction can proceed in reverse, releasing deoxyribonucleoside triphosphates (dNTPs) sequentially from double-stranded DNA. Coupling this pyrophosphorolysis reaction with the ability to accurately detect and identify single dNTPs offers the potential for a novel approach to direct single molecule sequencing. If the DNA to be sequenced is immobilized, and microdroplets containing an enzyme capable of pyrophosphorolysis are passed over it at a suitably high rate, the dNTPs liberated will be individually captured in microdroplets. Subsequent merging of these droplets with reagents for dNTP identification would permit the microdroplets to serve as distinct reaction vessels (3) (4) (5) (6) (7) (8) while simultaneously allowing for the order of dNTPs, and therefore the sequence, to be maintained.
Herein, we describe a method for dNTP detection that is suitable for identifying single dNTP molecules in microdroplets, is linear over a sufficient range of concentrations, can simultaneously detect and distinguish between each of the four natural dNTPs with negligible amounts of crosstalk and results in a robust fluorescence signal that is easy to read and process. Moreover, it requires only simple instrumentation (thermocycler and fluorescence plate reader for bulk samples, standard fluorescence microscopy for droplets) and small quantities of reagent. By incorporating a signal-amplifying reaction in our detection method, we overcome the inherent difficulty of obtaining sufficient signal strength from a single analyte molecule (9, 10) , while maintaining a level of specificity that is inherent to enzymatic reactions. As well as being the key component in the realization of a single molecule sequencing system, such a chemistry also offers the potential for quantification of dNTPs from very low numbers of cells, opening the door to new diagnostic methods.
Currently, detection and quantification of dNTPs is a vital tool in the study of such diverse diseases as cancer (11) (12) (13) and HIV infection (14, 15) as well as therapeutic approaches toward them (16, 17) . DNA replication and repair require that the four canonical dNTPs be present in the correct concentrations and ratios, and any deviation could result in increased mutation rates or incorrect DNA repair (18) (19) (20) . dNTP imbalances can also be indicative of a variety of pathologies involving nucleotide metabolism (21) (22) (23) (24) (25) and may even trigger apoptosis (26) . The most sensitive nucleotide assay in general use--a photometric luciferin/luciferase assay--has picomolar sensi-e101 Nucleic Acids Research, 2019, Vol. 47, No. 17 PAGE 2 OF 10 tivity (27) , but is limited to the detection of adenosine triphosphate (ATP). For other triphosphates--including dNTPs--'classical' analytical techniques, such as liquid chromatography (with high nanomolar sensitivity) (28) (29) (30) (31) (32) , often coupled to mass spectrometry (increasing sensitivity to the low nanomolar range) (28, (33) (34) (35) (36) (37) , as well as biochemical assays (38) (39) (40) , often relying on radioactive isotopes (41) (42) (43) (44) , are required. Even the most sensitive of these methods require about 75 femtomoles or more (40) of dNTPs, or concentrations in the nanomolar range for typical analyte volumes. With none of these methods is it possible to identify single dNTPs or quantify the dNTP concentration from very low numbers of cells.
MATERIALS AND METHODS
In a typical detection reaction, the following ingredients were combined in our buffer (see Supplementary Table S8 for buffer composition) for a total volume of 135 l: Probe oligos in four colors (4-10 nM, depending on color), ligation oligos in four colors (10-40 nM, depending on color), capture oligos in four colors (500 pM), spermine (1 mM), spermidine (1 mM), Tetraethylenepentamine (0.015%), Bst L. F. DNA polymerase (28.6 U/ml), Escherichia coli DNA ligase (17.85 U/ml), PfuUltra II Fusion HS DNA polymerase (1.43 Reactions/ml), and Thermostable Inorganic Pyrophosphatase (TIPP, 66.6 U/ml). From this mixture, two samples of 63 l were taken and 7 l of dNTP solution (250 pM) or water were added. The samples were split into aliquots of 15 l each and incubated (10 min at 37 • C/90 min at 69.5 • C). If desired, some samples were removed during this incubation to provide data points at intermediate times. After incubation, samples were transferred to a 384-well microplate (10.5 l per well) and read on a BMG Labtech Clariostar microplate reader. See Supplementary Tables S1, 2, 3 and 7 for full details.
Microdroplet samples were produced by combining, in ratio 1:4, the detection reaction mix described above with 1% ABIL EM 90 (a non-ionic, polymeric silicone based surfactant, Evonik) in paraffin oil (Sigma-Aldrich) followed by 15 min on a vortex mixer (Grant Instruments). For incubation and measurement a portion of the resulting droplets was pipetted into the bottom of a well formed from a PMMA coated fused silica substrate (175 m thickness, JGS2 grade, University Wafer) bonded to an aluminum annulus. This well is filled with 1% ABIL EM90 in paraffin oil then capped with a circular quartz coverslip (UQG Ltd).
Incubation was performed on a series of calibrated hotplates (10 min at 37 • C/90 min at 69.5 • C). Droplet shrinkage was prevented by sealing the well in an aluminum chamber partially filled with water to maintain high humidity.
Fluorescent images of microdroplets were acquired using a custom fluorescent microscope consisting of an Andor Zyla 5.5 sCMOS camera, four laser excitation lines (532, 594, 640, 701 nm), a filter cube changer to select the appropriate excitation, dichroic and emission filters (see Supplementary Table S10 ), and a galvanometer scanning mirror system to raster the laser over the area of interest. The exposure time per laser for each 300 × 300 m field of view was 30 s.
Further experimental details can be found in the Supplementary Data section.
RESULTS AND DISCUSSION

Detection reaction
Our detection reaction is based on a molecular scaffold of DNA oligomers ( Figure 1A ) allowing us to take advantage of the specificity of DNA polymerases and DNA ligases to keep error rates to a minimum. The reaction consists of two phases--a capture phase and a signal generation phase. In the capture phase, at 37 • C, a labeled DNA oligomer ('Probe Oligo') anneals to two shorter oligomers ('Capture Oligo' or 'CAP' and 'Ligation Oligo' or 'LIG', respectively) such that a 1-nt gap is created. The Probe Oligo is decorated with 2-4 fluorophores and one fluorescence quencher (see Supplementary Data); the fluorophores and quencher are in close contact with one another, resulting in >99% quenching of fluorescence emission. A complementary dNTP is incorporated into the gap by a DNA polymerase, and a DNA ligase then ligates the extended CAP to LIG, forming a complete dsDNA construct consisting of Probe Oligo and 'Target' (the ligated CAP and LIG). For the signal generation phase, the temperature is raised to 69.5 • C at which point unligated CAP and LIG oligos dissociate from the Probe Oligo, but ligated Target remains annealed. A second DNA polymerase with strong double-strand-dependent 3 →5 exonuclease activity digests the dye-labeled Probe Oligo annealed to the Target, thereby releasing the dye-labeled deoxyribonucleotides, which restores their fluorescence emission. A new Probe Oligo can now anneal to the Target, allowing the cycle to repeat multiple times, isothermally. The use of four Probe Oligos, each with a different sequence and capturing one of the four natural dNTPs, labeled with dyes fluorescing at different wavelengths (ATTO 532, ATTO 594, ATTO 655, ATTO 700), allows the different types of dNTP to be identified.
Oligo design
The DNA oligomers comprising our detection scaffold required careful design (see Figure 1B ). In addition to the need to have CAP and LIG annealed at the capture temperature, protecting groups are needed to prevent unintended digestion reactions. Unintended digestion may result in false-signal due to release of fluorescent dye from Probe Oligo or an inability to generate signal due to digestion of Target. To this end, the LIG oligo features a 5 -3 inverted deoxythymidine at the 3 terminus as this group was found to offer the best protection (see Supplementary Fig ure S11). CAP and LIG were designed to provide a 5 overhang at the 3 -end of Probe Oligo and a 3 -overhang at the 5 end of the Probe Oligo, thus directing the exonuclease toward digestion of the Probe Oligo as well as preventing unintended dNTP capture at the 3 end of LIG. For the latter reason, a mismatch between the 3 -end of the Probe Oligo and CAP is also required. The lengths of the annealed regions in the dsDNA construct were chosen with attention to their melting behavior. The three oligos must hybridize stably during the capture phase at 37 • C, but non-ligated CAP and LIG oligos must dissociate from the Probe Oligo during the signal generation phase at 69.5 • C in order to differentiate between constructs that captured a dNTP and those that did not.
The design of the Probe Oligo in particular is crucial to efficient signal generation. As the exonuclease activity is not entirely limited to dsDNA constructs, there is always some residual single-strand activity that results in false signal. In order to minimize this, it is crucial to place the dye modifications away from the 3 -end of the Probe Oligo; a distance of 12 bases was optimal for the 40 base Probe Oligos used here. In addition a 3 -hexanediol group was added to further reduce single-strand exonuclease activity. At the same time, the dye modifications must not interfere with capture and ligation. We found that a distance of 5-10 bases from the capture site was sufficient to ensure that the capture polymerase and ligase are not impeded. Moving the dye modifications too close to the 5 -end of the Probe oligo led to the dsDNA construct melting before digestion had run as far as the dyes, thereby reducing signal. For DNA sequencing, the ability to simultaneously detect and distinguish all four dNTPs is required, meaning that it is necessary to design four orthogonal sets of oligos with four different fluorophores (colors) and sequences that need to work optimally at the same temperatures. It is essential to ensure identical melting behavior, which was achieved by matching oligomer length and GC content (see Supplementary  Table S6 for oligomer sequences). Where required, intentional mismatches in the sequences of the Probe Oligo and CAP or LIG were added to lower the melting temperature.
Choice of enzymes
The capture polymerase needs to be able to rapidly and efficiently incorporate all four dNTPs into single base gaps with high fidelity and have no exonuclease activity. The lig-e101 Nucleic Acids Research, 2019, Vol. 47, No. 17 PAGE 4 OF 10 ase should be efficient and also possess high fidelity, while the exonuclease should be able to differentiate between ds-DNA and ssDNA and be tolerant of the dyes and quenchers used. Using a combination of several DNA-binding enzymes in the same reaction is inherently difficult, as competitive binding can lead to inhibition of required enzymatic activity. By performing the capture and signal generation phases at two different temperatures, we minimize these unfavorable interactions. A large number of polymerases, exonucleases and ligases were screened, using multiple buffers (see Supplementary Figures S1-10 and Tables S8-9 ). The capture phase is performed at 37 • C by Bst L. F. DNA polymerase and E. coli ligase. For the signal generation phase, the 3 →5 exo-active hot-start DNA polymerase PfuUltra II Fusion HS is used, which is active above 50 • C and was found to have optimal activity in our reaction at 69.5 • C. At this temperature, E. coli ligase is heat-inactivated within minutes, making any subsequent ligation impossible. The two phases of the reaction are, therefore, decoupled, allowing the signal generation phase to remain isothermal. Figure 2A shows typical results for dNTP detection in four colors, performed simultaneously. To this end, four sets of detecting oligos (4× Probe Oligo, 4× CAP and 4× LIG) were combined and a mixture containing dATP, dCTP, dGTP and dTTP (final concentration of each: 25 pM) or water (0 pM), was added. Incubation time was typically 10 min at 37 • C for capture and ligation, during which no signal is generated, followed by 90 min at 69.5 • C for the signal generation phase, during which a linear increase in signal with time is observed. Signal detection was carried out in a standard fluorescence plate reader and ratios of signal:falsesignal (the signal from dNTP-free reactions) of 10-16 were observed, depending on color. Comparing the signal intensity with that obtained by digesting Probe Oligo to completion with a combination of efficient single-strand exonucleases we estimate that, depending on the oligos used, we digest approximately 22-42% of the available Probe Oligos. This implies that each target molecule (hence each dNTP molecule) leads to the digestion of about 100 Probe Oligos (see Supplementary Tables S4-5 ), releasing 200-400 fluorophores for detection. If desired, the signal generation phase can be shortened (e.g. for higher dNTP concentrations) or extended (for samples closer to the detection limit).
Typical results in four colors
Interestingly, even in absence of the corresponding dNTP, we observe a small amount of signal being generated. This false-signal can be caused by a number of undesired reaction pathways or by dNTP contamination. For example, the exonuclease activity employed to generate signal is not completely limited to dsDNA constructs. It is therefore not surprising that small amounts of the Probe Oligo are digested as ssDNA in the absence of dNTP capture and oligo ligation. Alternatively, a small percentage of CAP and/or LIG oligo might transiently anneal to Probe Oligo even at the elevated temperature of the signal generation phase, or, stabilized by enzymes bound to them, might not melt off quickly enough upon heating, thereby presenting an easily digestible dsDNA construct to the exonuclease. It is also possible that the enzymes used in our experiments could be contaminated with dNTPs as they are isolated from live cell cultures.
Specificity of detection--cross-talk
Owing to the high natural fidelity of the polymerase (45) and ligase (46) , our detection reaction shows high specificity for the intended dNTPs. In an experiment where 25 nM 'incorrect' dNTPs were added to the Probe, CAP and LIG oligos designed to capture a particular dNTP (655 nm channel shown in Figure 2B , others in Supplementary Figure S12) , the signal detected is less than that from 25pM of the 'correct' dNTP. This is despite the fact that 25 nM of 'incorrect' dNTP is a concentration 1000 times higher than that of the dNTP for which the oligos are intended to be specific, which implies a specificity better than 99.9%. Given that the dNTP stocks used in these experiments are ≥99% pure, the small amounts of false signal could be due to trace amounts (<0.1%) of the incorrect dNTPs in our stocks.
Detection range
Our reaction conditions were optimized for 25 pM dNTP concentration to emphasize maximum sensitivity; Figures  3A and B show that a range of concentrations are detectable. Depending on incubation time, the signal is approximately linear up to a concentration of 50-100 pM. At higher concentrations, quantitative detection requires a dilution of the dNTP sample prior to detection. More interestingly, we can readily detect concentrations of dNTP as low as 1 pM, as is evident from Figure 3C . This is the approximate equivalent of the extract obtained from a few 10's of eukaryotic cells and this limit is only due to our relatively large typical working volume of 15 l. For an unknown sample a standard calibration curve would be measured and compared against for determination of dNTP concentration.
Capture and ligation efficiency
For this chemistry to be useful in a single molecule sequencing system capture and ligation of dNTPs should proceed close to completion. If not, missed bases will result in deletion errors. To estimate the efficiency with which our chemistry can detect dNTPs, we compared the signal levels obtained from 25 pM dNTPs with those from reactions where instead of dNTPs we added 25 pM of either CAP oligo with the corresponding base synthesized in place as if already captured, or synthesized Target oligo to simulate that capture and ligation had already occurred. This is shown in Figure 3D and as can be seen the signal traces lie close to each other, all within one standard deviation of the dNTP measurements, indicating a high efficiency of capture and ligation.
Detection of single dNTPs
Microdroplets are a convenient platform for fluidic manipulation and their use as reaction vessels in biology and chemistry is well documented (3) (4) (5) (6) (7) (8) . Building upon the reaction detailed above, one can see that appropriate reduction of the reaction volume should allow detection of a single dNTP. The central concept is that individual aqueous droplets, separated by a continuous oil phase, are independent. This, and their small scale, allows simple parallel testing for the presence of each particular dNTP type in a large number of droplets.
To demonstrate the detection of single dNTPs we use vortex mixing to emulsify a sample containing 12.5 pM of each of dCTP, dGTP, dTTP and 37.5 pM of dATP. The additional 25 pM dATP was added as an internal control to highlight changing droplet occupancy with dNTP concentration. The continuous phase is a hydrocarbon oil containing a polymeric surfactant. A portion of the resulting emulsion is added to a well with a fused silica base for incubation and subsequent measurement. The emulsion contains a wide distribution of droplet sizes from which we analyse only the size range of interest. While control of droplet size is better with microfluidics we use this method here as we want to examine a range of droplet sizes which allows us to better illustrate that we truly are detecting single dNTP molecules.
The probability of a droplet containing k dNTPs of a particular type is expected to follow a Poisson distribution, P(k) = λ k e −λ / k!, with the expectation value (mean number of dNTPs per droplet) given by = N A c V, where N A is the Avogadro constant, c is molar dNTP concentration and V is droplet volume. Occupancy probabilities are given for 12.5 pM dNTP concentration and a range of spherical droplet diameters in Table 1 . The concentrations of all other reagents are chosen to be high (>500 pM for all reagents sold with known molarity), such that many copies are present in each droplet and we do not see stochastic effects arising from them.
The droplet diameter range of 3-7 m is chosen as a balance between having ≤1 dNTP per droplet with a good signal:false-signal ratio, shown to be true for 12.5 pM in Figure 3A , and having droplets large enough to image using standard optical instrumentation. Moving to larger droplets would require reduction of the dNTP concentration in order to maintain ≤1 dNTP per droplet but this would reduce the signal:false-signal ratio.
After incubation, for every field of view of droplets, a fluorescence image in each color channel is measured. An example is shown in Figure 4A . A brightfield image is also acquired and used to identify droplet positions and diameters via a droplet finding algorithm developed in-house (see Supplementary Data for more detail). For all droplets found within the desired size range we calculate, in each fluorescence channel, the average counts per pixel from the central portion (defined by a circle of 0.35 droplet diameter) which we call the 'droplet intensity'. This is plotted against droplet diameter for the 594 nm channel (dCTP) in Figure  4B , with the other channels shown in Supplementary Figure S14 . As the fluorescence detection is not confocal we expect the droplet intensity for a given concentration of fluorophores to scale linearly with droplet diameter (as total fluorophore number is proportional to volume, while the number of pixels a droplet covers is proportional to droplet area). Thus the false-signal scales linearly with droplet diameter. For droplets containing dNTPs there will be the additional fluorescence from the detection reaction which will depend upon the local dNTP concentration in the droplet (determined by number of dNTPs in the droplet and inversely proportional to the droplet volume), but which is limited by the point at which the reaction saturates (cf. Figure 3A) .
For a particular diameter range the histogram of frequency of occurrence versus droplet intensity can be extracted, as shown in Figure 4C for the 594 nm channel in the 3-7 m diameter range (see Supplementary Figure S15 for other color channels). The vertical axis records the number of droplets with intensity within a certain range. Figure 4D e101 Nucleic Acids Research, 2019, Vol. 47, No. 17 PAGE 6 OF 10 depicts an illustrative, annotated version of this histogram. These histograms show two distinct peaks, the lower intensity peak corresponds to droplets with no dNTP and the higher intensity peak corresponds to droplets with one or more nucleotides. This is strong evidence for the ability to detect single dNTPs.
Were the intrinsic spread in droplet intensity small enough, it might be expected that distinct peaks for 0, 1, 2 . . . dNTPs per droplet would be apparent. However, we see only a narrow peak of droplets with no dNTP and a single broad peak corresponding to droplets with one or more dNTPs. The broadening of the 'with dNTP' peaks into a single wide peak has a number of sources, including variation in enzymatic activity, focus drift between images, errors in assigning diameters and uneven illumination. Heavytailed distributions can be fitted to the peaks (to reduce the frequency of occurrence versus droplet intensity for the 594 nm channel in the 3-7 m diameter range. Two peaks are visible, one for droplets which contain no nucleotide (blue) and one for droplets which contain one (or more) nucleotides (green). D) An illustrative example of the droplet intensity versus frequency histogram including the threshold above which a droplet is deemed to contain a nucleotide and the graphical representation of the false negative (solid blue region) and false positive errors (solid red region). The data for all dNTP channels is included in the Supplementary Data (Supplementary Figures S13-15 ). impact of errors that severely affect a few droplets (47)) and their crossing point acts as an intensity threshold (dashed line, Figure 4D ). If the intensity of a droplet is above the threshold in a particular color, a dNTP corresponding to that color is deemed to be present in the droplet. False positives are given by the section of the 'no dNTP' peak above the threshold (solid red region, Figure 4D ) and false negatives by the section of the '1+ dNTP' peak below the threshold (solid blue region, Figure 4D ).
There are a number of additional features in this data set which reinforce the conclusion that we are observing stochastic incorporation of dNTPs into droplets, and so have the ability to detect a single dNTP.
First, the fraction of droplets containing no dNTP, which is plotted against droplet diameter in Figure 5A , should vary with droplet diameter according to the Poisson dis-tribution described previously ( Table 1 ). The expected 'no dNTP' fraction, for a range of dNTP concentrations, is included for comparison. The best fit to the data allows estimation of the dNTP concentrations as dGTP (532 nm) 14 pM, dCTP (594 nm) 14 pM, dATP (655 nm) 37 pM, and dTTP (700 nm) 10 pM. This is in close agreement with the nominal concentrations.
Additionally, if incorporation of dNTPs into droplets is random then there should be no correlation of droplet intensity in different colors. Plotting intensity in one color against that in another color allows this to be verified. This is shown for 532 nm (dGTP) versus 594 nm (dCTP), at droplet diameters of 3-4 m, in Figure 5B . The Pearson correlation coefficient for these data is 0.07 (r 2 = 0.005) indicating no significant linear correlation. Due to the low double occupancy probability at this small droplet size and dNTP e101 Nucleic Acids Research, 2019, Vol. 47, No. 17 PAGE 8 OF 10 concentration (Table 1) , we expect to see few droplets along the diagonal, rather there would be a cluster close to the origin corresponding to droplets with no dNTP and two bands extending horizontally and vertically from this corresponding to droplets with one or the other of the dNTPs respectively. For higher dNTP concentration or larger droplets a fraction of the droplets would begin to appear on the diagonal as the probability of a droplet containing more than one type of dNTP becomes larger. This behavior can clearly be observed in Figure 5B and Supplementary Data Figures  S16 and 17 .
Potential problems such as runaway enzymatic activity or broadband fluorescent contamination would affect all droplets equally so would be easily spotted in plots such as Figure 5 . The nature of the reaction, which releases many fluorophores per dNTP, ensures that contamination from fluorescent molecules is negligible in comparison or else is not stochastic. Indeed, the main contamination issue faced is with dNTP molecules themselves. Significant deviation from the expected concentration in Figure 5A would signify this.
All this provides strong evidence that we are observing stochastic dNTP presence in droplets and that single dNTPs can be detected. Indeed, for 12.5 pM dNTP in 3-4 m droplets >90% of positive detections are single dNTP events.
CONCLUSION
We have developed a novel method to detect dNTPs with a detection limit that is orders of magnitude more sensitive than the best methods currently in use. The four dNTPs can be detected simultaneously and with high specificity, with cross-talk being 3-4 orders of magnitude lower than the intended signal. The fluorescence signal generated is robust and readily detectable, thereby making expensive instrumentation unnecessary. However, it is the high sensitivity of this method that makes it particularly attractive. It al-lows us to detect a few attomoles of dNTPs in bulk solution, the equivalent amount found in very low numbers of cells. This will open the door to new diagnostic methods which require drastically reduced sample sizes, and potentially single cell dNTP quantification. More significantly, the high sensitivity enables us to detect, and distinguish between, single dNTP molecules in microdroplets. This result supports the use of individual dNTP detection at the core of a new approach to single-molecule DNA sequencing.
